were purchased from Sigma Chemicals (St. Louis, MO). Pepsine (from porcine stomach, 3100 units/mg) was biochemical reagent grade (Wako). Trifluoroacetic acid (TFA), ethyl acetate (AcOEt), and acetonitrile (CH3CN) were of special reagent grade (Wako).
All other chemicals (e.g. ethylenediamine tetraacetic acid disodium salts (EDTA·2Na) and sodium sulfate (Na2SO4)) were of analytical-reagent grade and were used without further purification. Deionized and distilled water was used throughout the experiments.
HPLC
A Shimadzu (Kyoto, Japan) HPLC system that consisted of two LC-10AD pumps, an SCL-10A system controller, an autoinjector (SIL-10AXL), a sample cooler, and a degasser (DGU-12A) was used. The analytical column for reversedphase chromatography was 5 µm particle ULTRON VX-ODS (150 × 4.6 mm i.d.; Shinwa Chemical, Kyoto, Japan). The column was maintained at 40˚C with a CTO-10A column oven (Shimadzu). The effluent was monitored with SPD-10AVVP UV-VIS and RF-10AXL fluorescence detectors equipped with a 12-µL flow cell (Shimadzu). The flow-rate of the mobile-phase was 1.0 mL/min. The peak areas obtained from both detectors were calculated with chromatography software Vstation (GL Sciences, Tokyo, Japan) installed in a Gateway 2000 computer.
HPLC-ESI-MS
A Hewlett-Packard HPLC 1100 series (Wilmington, DE, USA) coupled to a Finnigan MAT LCQ ion trap mass spectrometer (San Jose, CA, USA) fitted with an electrospray ionization (ESI) source was used. The separation of reaction products was carried out on a ULTRON VX-ODS (150 × 4.6 mm i.d., 5 µm) with acidic mobile-phase containing 0.1% TFA. The flow-rate of the mobile-phase was 1.0 mL/min. The ESI capillary temperature and capillary voltage were 200˚C and 3.0 V, respectively. The tube lens offset was set at 20.0 V. All spectra were obtained in the positive mode at a range of one scan every 2 s.
Synthesis of NBD-labeled N-AcTyr
NBD-F (92 mg, 0.5 mmol) in 50 mL acetonitrile was added to N-AcTyr (112 mg, 0.5 mmol) dissolved in 50 mL of 0.1 M borax (pH 9.3). After 10 min reaction at room temperature under protection from light, the solvent was evaporated to dryness under reduced pressure. The resulting residue was redissolved in 50 mL of water and then added to the same volume of AcOEt. The upper layer was extracted out, and the water layer was adjusted to pH 1 -2 with 1 M HCl. Then, NBD-O-(N-AcTyr) in the water layer was extracted with 50 mL AcOEt. The same extraction procedure was repeated three times. The combined AcOEt extracts were dried with anhydrous Na2SO4, filtered through filter paper, and evaporated under reduced pressure. Orange powders of NBD-O-(N-AcTyr) were obtained quantitatively. The structural elucidation of the derivative was carried out by NMR, UV and MS spectra. was reacted with the same volume of 10 mM de-labeling reagent, i.e., N-AcCys, dissolved in 0.1 M borate buffer (pH 7.6) containing 2 mM EDTA·2Na. After a fixed time interval at room temperature under protection from light, the reaction vial was taken out, and an aliquot in each vial was injected onto HPLC column. The concentration of the remaining NBD-O-(NAcTyr) was calculated from the comparison of the peak areas before and after the reaction. N-AcTyr re-generated by the reaction was also determined from the calibration curve of NAcTyr prepared in advance. The blank solution without NBD-O-(N-AcTyr) in the reaction medium was also determined under the same conditions.
Reversible labeling of N-terminal amine-blocked peptides containing Tyr residue
The peptides, i.e., N-AcTyr-Val-Gly (P-1), Z-Glu-Tyr (P-2), Z-Phe-Tyr (P-3), N-Formyl-Met-Leu-Tyr (P-4), and N-AcArgPro-Pro-Gly-Phe-Ser-Pro-Tyr-Arg (P-5), were labeled with NBD-F in acetonitrile-0.1 M borax (pH 9.3) at room temperature for 10 min. The reaction solution was subjected to HPLC and the NBD-labeled peptide fractions were collected at the outlet of the detector. The fractionated solution was dried under a stream of dry N2 gas. The resulting residue dissolved in acetonitrile was used for the subsequent de-labeling.
The NBD-peptide obtained was reacted with N-AcCys (10 mM) in 0.1 M borate buffer (pH 7.6) at room temperature for 10 min. The de-labeling of NBD moiety was evaluated from the peak area ratios of NBD-peptide before and after the reactions. The blank solution without the de-labeling reagent was also treated and determined under the same manner.
Identification of peptide fragment containing Tyr and delabeling of NBD moiety from the peptide fragment
Five mM of [Tyr 8 ]-bradykinin dissolved in 0.5 mL of 0.1 M phosphate buffer (pH 7.0) was reacted with the same volume of acetonitrile solution of 50 mM NBD-F at room temperature for 30 min. After the reaction solution was evaporated to dryness, the residue was re-dissolved in the mobile phase of HPLC. Di-NBD- [Tyr 8 ]-bradykinin, which is labeled to the N-terminal-NH2 and the tyrosine-OH, was fractionated and collected at the outlet of the detector. The di-NBD-[Tyr 8 ]-bradykinin obtained was dried under a stream of N2 gas.
The di-NBD-[Tyr 8 ]-bradykinin dissolved in 0.2 mL of 0.1 M phosphate buffer (pH 7.0) was completely digested with 0.2 mL of 0.1 mM pepsine for 3 days. Then, the solution was centrifuged at 3000 rpm for 5 min. The supernatant was analyzed by HPLC equipped with UV and FL detectors. Each peak on the chromatogram was monitored with UV (280 nm and 380 nm) and FL (excitation at 470 nm and emission at 530 nm; excitation at 400 nm and emission at 470 nm).
The largest peak that eluted at around 16 min was collected and dried by N2 gas. The residue was re-dissolved in 10 mM NAcCys in 0.1 M borate buffer (pH 7.6) containing 2 mM EDTA·2Na. After 10 min reaction at room temperature, an aliquot was analyzed by HPLC.
Results and Discussion
N-AcTyr was selected as a model compound for optimization of reaction conditions for the reversible labeling of Tyr-containing peptides. NBD-F reacted with N-AcTyr in alkaline medium to form covalent bond with the phenolic-OH group. The authentic NBD-O-(N-AcTyr) was quantitatively synthesized by the reaction with NBD-F in 0.1 M borax (pH 9.3) (Fig. 1) . The 342 ANALYTICAL SCIENCES MARCH 2003, VOL. 19 authentic derivative was used for the determination of physicochemical properties and the calculation of the reaction yields.
The labeling reaction to the OH funtional group in N-AcTyr with NBD-F proceeded smoothly and essentially completed after 10 min at room temperature. The yield of labeling was calculated from the peak areas of NBD-O-(N-AcTyr), obtained from both the reaction solution and the authentic derivative. Prolonging the reaction increased the production of unknown compounds. The appearance of these compounds may be due to the decomposition of NBD-F and/or the derivative. Thus, 10 min reaction at room temperature was recommended for the labeling of N-AcTyr with NBD-F. The resulting derivative showed absorption maxima at approximately 280 nm and 380 nm, which are based upon the aromatic ring structure of Tyr and NBD moiety, respectively. However, only weak FL was identified at 470 nm (excitation at 400 nm). The order of FL intensity of NBD-derivatives, obtained from the reaction with each functional group, is amine > thiol > phenol. Therefore, the negligible FL is not conflicting with the previous reports. 16, 17 The possibility of de-labeling of NBD-moiety from NBD-Olabeled Tyr-containing peptide was investigated with authentic NBD-O-(N-AcTyr). N-AcCys was selected as a candidate chemical for de-labeling reagent of NBD moiety from NBDlabel. As shown in Fig. 1 , N-AcCys seems to attack position-4 of the NBD structure to liberate N-AcTyr together with the production of NBD-S-(N-AcCys). Indeed, N-AcCys rapidly eliminated the NBD moiety at room temperature in pH 7.6. After 10 min reaction, the peak corresponding to NBD-O-(NAcTyr) completely disappeared on the chromatogram, and the peak of N-AcTyr quantitatively appeared (Figs. 2B and 2C) . The production of NBD-S-(N-AcCys) demonstrates that the delabeling reaction proceeds with the transfer of NBD moiety from O → S. 18 The time courses of N-AcTyr production and NBD-O-(N-AcTyr) remaining are illustrated on Fig. 3 . The production (%) of N-AcTyr was calculated by the calibration curve prepared in advance. The remaining (%) of NBD-O-(NAcTyr) was determined from the comparison of the peak areas before and after the reaction. After 10 min reaction, N-AcTyr was quantitatively produced together with complete disappearance of NBD-O-(N-AcTyr). The results indicated that N-AcCys is suitable as a de-labeling reagent.
The reversible labeling of Tyr-OH in peptide sequences was carried out under the recommended reaction conditions. The peptides, protected N-terminal amine with acetyl, formyl and Z, were used for the investigation. The labeling of 5 peptides, NAcTyr-Val-Gly (P-1), Z-Glu-Tyr (P-2), Z-Phe-Tyr (P-3), Nformyl-Met-Leu-Tyr (P-4) and N-AcArg-Pro-Pro-Gly-Phe-SerPro-Tyr-Arg (P-5), with NBD-F seems to be quantitatively proceeding, judging from the disappearance of original peptides. The structures of the resulting derivatives were identified by ESI-MS after separation by reversed-phase HPLC.
The de-labeling of NBD derivatives of the 5 peptides was also carried out with N-AcCys.
The NBD-labeled peptides completely disappeared on the chromatogram and the original peptides were recovered from the de-labeling reaction. However, the ratio of recovery was different in each peptide (70 -100%). Figure 4 shows the chromatograms obtained from the reversible labeling of P-5. The structural elucidation of each compound on the chromatograms was carried out by HPLC-ESI-MS. Since the selective detection of Tyr-containing peptide and the subsequent recovery are possible with the labeling with NBD-F and de-labeling with N-AcCys, the proposed procedure seems to be useful for reversible labeling of N-terminal amine-blocked peptides.
It is well known that NBD-F reacts more rapidly with primary and secondary amines than phenolic-OH group. Therefore, NBD-F reacts with both N-terminal amine and Tyr-OH to produce di-NBD-labeled peptides. The N-terminal amine of numerous naturally occuring peptides is free and non-blocked. In such peptides, the proposed method could not be used directly without any change. However, the method provides an important technique to reversible labeling of the peptides without blocking of N-terminal amine. Although NBD moiety bound to phenolic-OH in di-NBD-labeled peptides was easily removed by the proposed de-labeling procedure, the elimination of NBD moiety from N-terminal amine was difficult. Since NBD-N-labels highly fluoresce at around 530 nm (excitation at 470 nm), the peptides containing ε-amine of lysine and Nterminal amine without blocking were easily identified by the monitoring of the FL. On the other hand, the FL of NBD-Olabel is negligible, but specific absorption based upon NBD moiety is shown at around 380 nm. Hence, it is easy to identify whether the peptide contains Tyr with both monitoring of UV and FL. The idea suggests that the peptide fragments containing Tyr are efficiently detected with a combination of enzyme digestion of NBD-labeled peptide and protein.
According to this strategy, the reversible labeling of [Tyr 8 ]-bradykinin, which is a fairly short chain peptide consisting of 9 residues, was tried as a model of high-molecular-mass peptides and proteins. [Tyr 8 ]-bradykinin was labeled with NBD-F as usual. The resulting derivative highly fluoresced at 530 nm (excitation at 470 nm) and absorbed at 280 nm and 380 nm (Fig. 5B) . The photometric properties suggested that the derivative was di-NBD labeled [Tyr 8 ]-bradykinin, based on the reactions of Nterminal amine and Tyr-OH. After identification of the peak by HPLC-ESI-MS, the labeled peptide was fractionated and then digested with pepsine. A couple of peaks appeared on the chromatogram obtained from the solution treated with pepsine. Figures 5B and 5C show the chromatograms treated before and after the digestion. The peak corresponding to NBD-labeled [Tyr 8 ]-bradykinin at around 25 min completely disappeared from the solution treated with pepsine, and a couple of new peaks appeared. The peaks that appeared on the chromatograms were analyzed by UV and FL detection. The peaks at around 16 and 16.5 min in Fig. 5B were detected not only at 280 nm but also at 380 nm. However, no FL was observed at 530 nm (excitation at 470 nm), and slight FL was observed at 400 nm excitation and emission at 470 nm. The results suggested that the peaks were the peptide fragments containing Tyr. quantity. The NBD-O-Tyr labeled peptide eluted at 16 min was fractionated, and de-labeled with N-AcCys for 10 min in 0.1 M borate buffer (pH 7.6). As shown in Fig. 5D , the peak at 16 min disappeared after the reaction, and a new peak appeared at around 7 min. The peak was only detected at UV 280 nm, based on aromatic ring structure of Tyr, but the absorption at 380 nm based on NBD moiety was not observed. Of course, the peak did not fluoresce at 530 nm (excitation at 470 nm), based on amine-labeled NBD moiety nor at 470 nm (excitation at 400 nm), based on the phenol-labeled NBD moiety. Furthermore, m/z = 669 ion corresponding to the [M + 1] + of Phe-Ser-ProTyr-Arg was identified by HPLC-ESI-MS. Consequently, the peak at 7 min seems to be the penta-peptide fragment.
Conclusion
This paper describes a novel method for reversible labeling of Tyr containing peptides. The phenolic-OH group in Tyr was easily labeled with NBD-F under mild derivatization conditions. The elimination of NBD moiety smoothly proceeded with NAcCys to recover the original peptides. The reversible labeling of a couple of peptides, blocked N-terminal amine with acetyl-, formyl-and Z-groups, was successfully carried out by the proposed method. If the peptide is naturally occuring and bioactive, the procedures may contribute to the investigations in the field of bioscience, because the peptide recovered after identification of Tyr residue(s) is then usable for various tests such as bioactivity. Since NBD moiety introduced to primary and secondary amines is not eliminated with the procedure, the recovery of the original peptide is very difficult in such a peptide which has free amino groups in the residues. However, selective descrimination of Tyr-containing peptide fragments are possible with combination of enzyme digestion, as demonstrated in [Tyr 8 ]-bradykinin. When the proposed procedures are applied to high-molecular compounds such as proteins, peptide fragments containing Tyr residue(s) seem to be identified and recovered among various peptide fragments. Furthermore, the amino acid sequence could be determined by HPLC-ESI-MS or gas-phase sequencer, etc. Consequently, the proposed reversible labeling of Tyr-OH group in peptide seems to provide various applications in peptide and protein chemistry. However, the species of enzyme and condition of digestion, etc. must be investigated in detail for the application to various proteins.
